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Ragkousi et al. identify cell-cyclecoupled oscillations in the localization of apical polarity proteins in embryos of the sea anemone Nematostella vectensis. Similar polarity dynamics during mitosis in Drosophila suggest a deeply conserved link between cell-cycle progression and apicobasal polarity in animal epithelia.
SUMMARY
Throughout animals, embryonic cells must ultimately organize into polarized epithelial layers that provide the structural basis for gastrulation or subsequent developmental events [1] . Precisely how this primary epithelium maintains continuous integrity during rapid and repeated cell divisions has never been directly addressed, particularly in cases where early cleavages are driven in synchrony. Representing the early-branching non-bilaterian phylum Cnidaria, embryos of the sea anemone Nematostella vectensis undergo rapid synchronous cell divisions and ultimately give rise to a diploblastic epithelial body plan after gastrulation [2, 3] . Here, using live imaging of apical polarity proteins in Nematostella embryos, we demonstrate that cell polarity is established by the four-cell stage and then reiteratively lost during subsequent mitoses, correlating with transient adhesion disengagement and dramatic deformations of embryonic morphology. Intriguingly, the re-establishment of polarity and adhesion during each interphase is associated with a process of wholeembryo compaction analogous to that observed in mammals [4] [5] [6] [7] . Because similar protein dynamics are observed in dividing epithelial cells in Drosophila melanogaster, we propose that cell-cycle-coupled oscillations in apical polarity may be conserved throughout Metazoa.
RESULTS AND DISCUSSION
To investigate the cellular basis for primary epithelium formation in Nematostella, we used mRNA injections to analyze individual cells marked with GFP tethered to the plasma membrane via a Pleckstrin homology domain (PH-GFP) [8] . In agreement with previous reports, embryonic cleavage cycles were punctuated by synchronous mitotic rounding events that dramatically altered the overall embryonic form (Figures S1A-S1D) [9, 10] . Immediately following each round of synchronous division, embryos compacted into smoothed epithelial spheres in a manner strongly indicative of increased cell-cell adhesion during interphase ( Figure S1A , 25 min and 55 min). We used a simple geometric descriptor of compaction efficiency to quantify cell-cycleassociated shape transitions in live embryos: (C) = 4pA/P 2 ,
where A = embryonic area and p = perimeter. As expected, embryonic compaction correlated with interphase, while decompaction correlated with synchronous mitotic events. Mammalian embryos undergo early epithelialization during a superficially similar process of compaction, wherein blastomeres flatten upon each other and acquire apical-basal polarity [4-6, 11, 12] . In Nematostella embryos stained for F-actin, blastomeres organized into apparent monolayers by the 16-cell stage ( Figures 1A and 1B) [9] . To analyze apical-basal polarity dynamics, we created a transgenic line expressing the Nematostella PAR-6 ortholog [13, 14] fused to GFP under the control of a 1.6-kb maternal promoter (mat>Par6-GFP). In live embryos from mat > Par6-GFP/+ females, Par6-GFP was enriched at cell-cell contacts and at the apical cell surface during the four-cell stage ( Figures 1C and 1D , 0 min). Strikingly, this Par6-GFP fluorescence was rapidly lost upon mitotic entry in tight correlation with loss of embryonic compaction ( Figure 1C, 6 min, 12 min, 30 min, and 36 min; Figure 1D , 6 min and 9 min; Movie S1). Soon after each division, daughter cells established new Par6-GFP-labeled contacts, and the embryos re-compacted (Figure 1C , 24 min and 48 min). Temporally, cortical Par6-GFP fluorescence dropped upon mitotic cell rounding and then slowly built up again during cytokinesis and new junction formation (Figure 1F) . As opposed to the periodic changes observed with Par6-GFP, untagged GFP intensity levels were found to be relatively stable ( Figures S1E and S1F ). Based on these observations, we conclude that Nematostella blastomeres acquire cortical polarity by the four-cell stage and organize into a primary epithelium by the 16-cell stage. Unexpectedly, however, we found that dividing blastomeres transiently lost cortical Par6-GFP localization during each mitotic event.
To investigate whether the dynamics described earlier reflect a specific regulation of PAR-6 or a more general modulation of polarity during mitosis, we analyzed the dynamic localization of other cortical polarity proteins, including PAR-3, a-catenin, and the baso-lateral marker Lethal Giant Larvae [13] [14] [15] . As observed in Par6-GFP-expressing embryos, the intensity of junction-localized PAR-3 (Par3-GFP) was transiently lost during mitosis (Figure 2A ; Figures S2A and S2D for single-plane cross-section views). In experimental embryos co-injected with mRNAs encoding histone H2B-RFP (red fluorescent protein) and Par3-GFP, Par3-GFP levels at cell contacts decreased upon mitotic entry and became undetectable in de-compacted metaphase embryos ( Figure 2D ; Figures S2E and S2F; Movie S1). Localization of PAR-3 at apical regions of epithelial cells is an indicator of adherens junction formation throughout bilaterians [15] [16] [17] [18] . Therefore, we examined the localization of a-catenin, which regulates E-cadherin-mediated cell-cell adhesion [15, 19, 20] . In contrast with PAR-3 and PAR-6, a-catenin-GFP intensity at cell contacts was only reduced by 20% during metaphase (n = 64 cell junctions), less than half of the total loss observed for Par3-GFP (n = 48 cell junctions). This indicates that, despite marked reorganization of the apical cortex, mitotic blastomeres are likely to maintain some degree of polarity and junctional adhesion ( The temporal relationship between mitotic entry, loss of apical cortical proteins, and embryonic de-compaction suggests regulation by cell-cycle-dependent kinases (CDKs). Confirming that cortical protein dynamics are linked to mitotic entry, Par6-GFP was stably retained at the cortex during a prolonged interphase arrest in embryos treated with the CDK inhibitor Flavopiridol hydrochloride ( Figure 3B ). In Drosophila epithelia, Aurora kinase phosphorylates Lgl and triggers its relocalization during prophase [21, 22] . In Nematostella, embryos treated with the Aurora kinase inhibitor VX680 showed obvious cytokinetic defects but, nonetheless, exhibited persistent cycles of cell rounding and oscillations in the cortical localization of Par6-GFP and Par3-GFP ( Figure 3A ; Figures S3A-S3C; Movie S2). These results indicate that apical polarity dynamics are coupled to the cell cycle and, specifically, to the regulatory cascade that initiates mitotic cell rounding.
The regulation of apical polarity complexes, cell shape, and whole-embryo morphology in concert with mitotic progression suggests that compaction and/or de-compaction could be essential for establishment or homeostasis of the nascent primary epithelium. To test the biological requirements for mitotic de-compaction, we forced embryos to maintain a spherical morphology by confining them in 1% agar at the one-cell stage. This simple manipulation blocked the dramatic de-compaction normally associated with synchronous mitotic rounding yet had a mild impact on embryonic development ( Figures S4A-S4D and Figure S4H ; Movie S3). Conversely, we prevented compaction by treating cleaving embryos with the lectin concanavalin A (Con A), which crosslinks the cortex and forces cells to maintain a rounded state [5, [23] [24] [25] . Following Con A treatment, embryonic compaction was fully blocked, even though the chronically rounded blastomeres were able to divide normally as assayed by cell-cycle length and synchronicity of division events (Figures 3C  and 3E ; Figures S4F and S4I; Movie S3). In the absence of interphase compactions, Par6-GFP did not localize at the shortened cell junctions, as blastomeres failed to establish extended cell contacts, except between a few sporadic cells later in development ( Figure 3C , t = 76 min). Eventually, Con A-treated embryos failed to establish a primary epithelium and exhibited major gastrulation defects ( Figure 3G ). Figure S1 and Movie S1.
In a parallel series of experiments, we blocked embryonic compaction by expressing a constitutively active form of Moesin, a member of the Ezrin/Radixin/Moesin (ERM) family of actin-binding proteins [26, 27] . A phosphomimetic mutation (Moesin T559D in Drosophila) renders Moesin constitutively active, forcing interphase cells to maintain a rounded state [25] . In developing embryos, wild-type Nematostella Moesin-GFP was maintained at the apical cell cortex during both interphase and metaphase and was enriched at the daughter cell intersection during cytokinesis ( Figures S3D and S3E ). This localization pattern is in agreement with the known roles of ERM family proteins in mitosis and apical polarity determination in epithelial tissues and compacting mammalian embryos [28, 29] Figure 3H ). Based on these results, we propose that re-establishment of polarized cell interfaces through iterating compactions at the end of each division maintains structural integrity of the primary embryonic epithelium.
To investigate apical polarity dynamics beyond Nematostella embryonic epithelia, we took advantage of a Par3-GFP (Bazooka-GFP) protein trap strain to quantify apical protein levels during mitosis in Drosophila (Figure 4) [30] . Although we detected mildly reduced apical Par3-GFP levels in mitotic cells of developing imaginal discs, as noted in [22] , persistent Par3-GFP from interphase neighbors interfered with direct quantification ( Figure 4A ). To circumvent this problem, we generated cell clones carrying the Par3-GFP protein trap in direct opposition to clones of GFP-negative neighbor cells. Intensity levels of Par3-GFP at junctions of mitotic cells opposed to GFP-negative clones were reduced by approximately 70% compared to interphase levels (Figures 4B and 4F ; n = 18 cell junctions; Movie S4). We next investigated the mitotic dynamics of E-cadherin, which is also targeted to apical junctions [16, 31] . As with Par3, we monitored the localization of E-cadherin by generating cell clones carrying E-cadherin-GFP (Shotgun-GFP) [32] . In agreement with previous work in Drosophila embryos, E-cadherin-GFP intensity was detectable but significantly reduced at mitotic cell junctions (30% interphase levels; Figures 4C and 4F; n = 14 junctions; Movie S4) [33] . These results indicate that, although PAR-3 and E-cadherin are similarly localized, they nevertheless display differential stability during mitosis. Analysis of baso-lateral protein localization using ATPa-GFP showed no significant reduction in dividing cells (Figures 4D and 4F ; n = 20 cell junctions; Movie S4). Combined, these results suggest that apical polarity may be modulated during mitotic progression throughout Eumetazoans. Although exceptions are likely to exist, it will Figure S2B ). (C) Dividing cells of embryos expressing injected mRNA of Lgl-GFP (green) that labels basolateral junctions and H2B-RFP and PH-mCherry (magenta for both) that labels chromatin and cell membrane, respectively, show retained GFP signal at metaphase cell contacts (see also Figures S2C  and S2D ). All images are selected time-lapse frames from sum projections of live embryos. (D) Boxplot of protein retention levels for Par3-GFP (blue; n = 48 cells), a-catenin-GFP (red; n = 64 cells), and Lgl-GFP (green: n = 62 cells). Retention is defined as the ratio of GFP intensity at metaphase divided by GFP intensity at interphase. Broken line indicates that metaphase and interphase GFP levels are equal. Data points were collected from three independent experiments as described in the Supplemental Experimental Procedures. Differences between groups were found to be statistically significant (Wilcoxon Mann-Whitney rank-sum test; more information is given in the Supplemental Experimental Procedures). Scale bars, 10 mm. See also Supplemental Experimental Procedures, Figure S2 , and Movie S1. be interesting to understand how apical polarity dynamics are regulated in diverse proliferating epithelia.
In summary, we find that Nematostella embryos display molecular and morphological hallmarks of epithelial organization early during development at or before the 16-cell stage. During the subsequent rapid and synchronous division cycles that follow, interphasic compaction parallels the re-establishment of apical polarity and functions as a morphogenetic checkpoint to maintain epithelial integrity. In mammals, compaction has long been known as a crucial event that occurs only once during early embryonic development [4, 6, 7, 34] . Here, in an evolutionary outgroup of the bilaterian clade, we show that a similar process of whole-embryo compaction occurs in a cell-cyclelinked, punctuated manner during development. Further, we demonstrate that the process of embryo compaction is coupled to oscillations of apical protein localization in Nematostella and that similar apical protein dynamics are observed in Drosophila larval epithelia. Combined, our observations suggest an evolutionarily conserved link between the mitotic progression machinery and the apical epithelial polarity apparatus. Looking ahead, further investigations should explore the regulation of mitotic oscillations of apical polarity in diverse epithelial cell contexts, as well as their functional consequences for tissue homeostasis and pathogenesis. (E and F) Cartoon (E) depicting the construction of mosaic cell clones in the fly wing disc and the measurement of GFP intensity levels as shown in a boxplot (F) for Par3-GFP (n = 18 cells from nine wing discs), E-cadherin-GFP (n = 14 cells from five wing discs), and ATPa-GFP (n = 20 cells from four wing discs) at junctions shared with either GFP-marked (blue) or un-marked neighboring cells (yellow). Retention levels were calculated as described in Figure 2 and in Supplemental Experimental Procedures. Three asterisks indicate differences between groups found to be statistically significant (Wilcoxon Mann-Whitney rank-sum test; more information in Supplemental Experimental Procedures).
